ABSTRACT Bark beetles (Coleoptera: Curculionidae: Scolytinae) are economically and ecologically the most important group of forest insects. They use several monoterpenes produced by their host plants to locate and colonize trees. Some of these compounds also are metabolized to produce sex, aggregation, or antiaggregation pheromones. Experimental studies have shown that certain terpenes are highly toxic to the insects, negatively affecting their development, reproductive success, and colonization of host trees. Nevertheless, the effects of these compounds on speciÞc organs or anatomical systems are unknown. Based on relationship between bark beetles and monoterpenes of their host trees and the midgut morphological characterization performed previously, we studied the effects of ␣-pinene and myrcene on midgut cells of the red turpentine beetle, Dendroctonus valens LeConte. Our results show that both ␣-pinene and myrcene induce an increase in the numbers of lysosomes and mitochondria. Outer and inner mitochondrial membranes were very conspicuous but were not disrupted. Both smooth and rough endoplasmic reticula were abundant and were found throughout the cytoplasm. Two kinds of secretory vesicles were observed: one associated with digestive material and the other associated with "ßocculent" material. The Golgi complex was prominent but had no deÞned arrangement. Observed ultrastructural changes are indicative of intense cell activity and are associated with processes of digestion, synthesis, and excretion as well as of monoterpenes transformation but are not indicative of irreversible cellular damage or death.
Bark beetles (Coleoptera: Curculionidae: Scolytinae) are economically and ecologically the most important group of forest insects. Their development takes place entirely within the subcortical region of living trees that have recently been cut, injured, stressed, or in the process of dying (Borden 1985 , Raffa et al. 1993 , Byers 1995 .
To identify and colonize suitable hosts, bark beetles use a complex chemical communication system mediated by semiochemicals, compounds that favor intra-and interspeciÞc interactions between organisms and species (Byers 1995 (Byers , 2004 . Nevertheless, the individual and mass actions of bark beetles on their host are perceived by trees as biotic stress (Fäldt 2000) .
Constitutive and induced oleoresin plays an important role in host plant resistance to bark beetles. Oleoresin is the primary defense mechanism of trees, and its quick release is sufÞcient to prevent extensive damage from these insects (Raffa 1991 , Nebeker et al. 1993 ). This ßuid is a complex mixture of terpenes (turpentine) and diterpenoid resin acids (rosin) (Smith 2000) . Terpenes (largely monoterpenes) are liquid volatiles that function as long-range semiochemicals between trees and bark beetles (Borden 1985 , Byers 2004 .
Although some oleoresin compounds are used by beetles as precursors of sex, aggregation, or antiaggregation pheromones (Borden 1985 , Byers 2004 , Seybold et al. 2006 , certain speciÞc monoterpenes have effects on basic behaviors, affecting reproduction and successful host colonization (Raffa 1991 , Raffa et al. 1993 , Seybold et al. 2006 ). Although bark beetles are able to tolerate, overcome, and survive the high levels of terpenes present in the tissues of their hosts, experimental evidence indicates that some of these compounds, such as ␣-pinene, myrcene, ␤-pinene, and limonene, which are some of the most widely distributed terpenoids in conifer genera (Smith 2000) , are toxic or repellent to these insects and have inhibitory effects on their fungal symbionts (Smith 1963 , 1965 , Byers et al. 1979 , Byers 1981 , Cook and Hain 1988 , Werner 1995 .
The morphological and physiological effects of different monoterpenes on speciÞc organs or entire systems have not been widely documented in most insect groups (Steinly and Berenbaum 1985) , including pine bark beetles. Monoterpenes such as ␣-pinene and myrcene are apparently able to act through several mechanisms: producing membrane alterations, uncoupling oxidative phosphorylation, or inhibiting electron transfer. These mechanisms may elicit nonspeciÞc changes in the inner mitochondrial membrane, inhibition of mitochondrial ATP production or irreversible cellular damage in the epithelium (Landa et al. 1991 , Green et al. 2006 .
These potentially toxic substances penetrate via the cuticle (contact effect), respiratory system (fumigant effect), or digestive system (feeding effect) (Prates et al. 1998) . Bark beetles are exposed to all these effects during the colonization of their host trees; in consequence, it is highly probably that different organs or systems can be affected by direct or indirect action of terpenes. The effect of these compounds can be studied in different organs or systems (e.g., gut, fat body, Malpighian tubules, or hemolymph); however, we focus here in the alimentary canal because the anatomohistological and ultrastructural organization of this system in Dendroctonus species is well known (Dṍaz et al. 1998 (Dṍaz et al. , 2000 (Dṍaz et al. , 2003 Silva-Olivares et al. 2003) . Moreover, in the midgut region it is possible to analyze the effect of certain monoterpenes because a substantial activity of digestion, synthesis, absorption, and excretion of many compounds occurs in this region (SilvaOlivares et al. 2003) . Therefore, any change in its structural organization should be evident. In addition, in some bark beetles it has been shown that this region is where some monoterpenes are transformed into more soluble compounds, and it is the place where some pheromones are produced (Nardi et al. 2002; Hall et al. 2002a,b) .
Based on the relationship between bark beetles and the monoterpenes of their host trees, as well as the midgut morphological characterization performed previously, we hypothesize that midgut cellular organization could be affected by the toxicity of these compounds. Thus, our aim was to document the ultrastructural changes induced by ␣-pinene and myrcene vapors on midgut epithelial cells of the red turpentine beetle, Dendroctonus valens LeConte. The red turpentine beetle is nonaggressive within its native geographic range but it turn out to be aggressive in China, where it is an exotic species (Yan et al. 2005) . The red turpentine beetle apparently does not produces pheromone but uses several monoterpenes [␣-pinene enantiomers, (Ϫ)-␤-pinene, and (ϩ)-3-carene] to locate and select its host trees , Erbilgin et al. 2007 ).
Materials and Methods
Adult insects preemerged were collected from naturally infested Pinus hartwegii Lindl trees in the Zoquiapan Experimental Station of the Universidad Autó noma de Chapingo, Mé xico, Mé xico (19Њ 20Ј15Љ N, 98Њ 42Ј15Љ W). Specimens were placed in plastic containers with moistened paper at 4ЊC, transported to the laboratory, and stored during 15 d before any treatment. Six groups of six unfed insects (sex ratio 1:1) were placed separately into petri dishes with dry Þlter paper. Three groups were exposed to 100 l of a racemic mixture 1:1 of ␣-pinene (chemical purity [CP] Ͼ98%); (Ϫ)-␣-pinene enantiomeric ratios [ERs] 96.6% (Ϫ)/3.4%(ϩ), (ϩ)-␣-pinene ER 95% (ϩ)/5% (Ϫ); Sigma-Aldrich, St. Louis MO) at different concentrations 0.1 mM (Ϸ0.08 g/ml), 0.2 mM (Ϸ0.16 g/ml), and 0.5 mM (Ϸ 0.472 g/ml) for 24 h in darkness. The other three groups were exposed to 100 l of myrcene (CP Ͼ95%; Sigma-Aldrich) at similar concentrations (Ϸ0.34 g/ml, 0.68 g/ml, and 1.7 g/ml) and under similar conditions for 24 h. Six insects that were not exposed to any terpene were used as controls. All dishes were closed and sealed with ParaÞlm to reduce the diffusion of these monoterpenes out of the dishes. Each experiment was repeated twice.
Concentrations of ␣-pinene and myrcene in midgut were determined by gas chromatography-mass spectrometry (GC-MS) at 0, 8, 12, 16 , and 24 h of exposure to quantify how much of the applied monoterpenes reach the midgut at 24 h of exposition. Midgut samples (n ϭ 6) were pooled and extracted with n-hexane (HPLC grade) and 3.5 ng of cycloheptanone. Cuticle samples also were analyzed for comparison purposes. One microliter of these extracts was injected in a 3900 gas chromatograph (Varian, Palo Alto, CA) with a SATURN 2100T mass-selective detector in split mode in a nonchiral phase column (HP-INNOWax, 60 m by 0.25 mm ϫ 0.25-m Þlm, Agilent Technologies, Wilmington, DE), and the oven program was as follows: 40ЊC for 1 min, 16ЊC/min at 80ЊC, and then 7ЊC/ min at 218ЊC and held for a Þnal 1 min. The compounds were quantiÞed using dilution curves of know quantities of synthetic standards (Table 1) .
After exposure, all insects (n ϭ 42) were dissected dorsally to remove the alimentary canal. The midgut was divided into anterior and posterior portions using a razor blade. The procedures used to prepare the midgut portions of both treated and untreated insects for electron microscopy analysis are described in Silva-Olivares et al. (2003) . Comprehensive observations of both midgut regions of all insects were conducted using transmission electron microscopy to document in detail all possible ultrastructural changes. In addition, because the smooth endoplasmic reticulum (SER) is not detectable in midgut cells because the rough endoplasmic reticulum (RER) is very abundant, we created an in-house antibody against glucose-6-phosphatase (Glc-6-Pase). This enzyme is present in SER membrane and can be used as a marker for this organelle. Polyclonal antibodies against phosphatase were raised in male Wistar rats (1101010107) according to the following procedure: the Þrst dose was 250 g of Glc-6-Pase in 250 l of complete FreundÕs adjuvant, injected subcutaneously at various sites; the second dose was an equal amount but in incomplete FreundÕs adjuvant administered 15 d later; the third dose was 50 g in saline solution (phosphate-buffered saline [PBS]) 30 d later; the fourth dose was 150 g in PBS after 31 d; the Þfth dose was 250 g in PBS. All doses were administered via subcutaneous injection. On day 39, an anesthetic (20 mg/kg ketamine ϩ xilazine) was applied, and blood was drawn via intracardiac puncture. The polyclonal anti-Glc-6-Pase serum was obtained by centrifugation and puriÞed by afÞnity chromatography to protein A (Bio-Rad Laboratories, Hercules, CA).
To conÞrm that Glc-6-Pase was recognized by the antibody, it was separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and a Western blot was performed. The optimal dilutions of primary Glc-6-Pase antibody and peroxidase-conjugated goat anti-rat secondary antibody were 1:500 and 1:2000, respectively (Sigma-Aldrich). After obtaining the primary antibody, the midgut region was Þxed with a mixture of 4% paraformaldehyde in PBS ϩ 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 24 h. The samples were washed with 0.1 M sodium cacodylate buffer and dehydrated with increasing concentrations of ethanol (20 Ð90%) at Ϫ20ЊC. The dehydrated tissue was preincubated overnight in a 1:1 mixture of LR-White resin (Electron Microscopy Sciences, HatÞeld, PA) and 90% alcohol and then in a 2:1 mixture of LR-White resin and 90% alcohol for 1 h at Ϫ20ЊC. The samples were placed in total resin for 1 h at Ϫ20ЊC and then in LR-White resin, which was polymerized at 56ЊC for 2 d. After polymerization, thin sections of the midguts of both treated and untreated insects were obtained and placed in nickel grids. These were hydrated with PBS, blocked with 10% fetal bovine serum in 0.005% PBS-Tween (PBS-T) for 1 h, and washed with PBS-T. The samples were then incubated for 1 h in a 1:10 dilution of rat anti-glucose-6-phosphatase. The grids were washed with PBS-T supplemented with a goat anti-rat secondary antibody labeled with 20-nm colloidal gold (dilution 1:20) for 45 min at room temperature and then washed with PBS-T. The negative control was incubated for 45 min without primary antibody.
Finally, the samples were stained with uranyl acetate and lead citrate, and the grids were observed in a JEM 100 SX microscope (JEOL, Tokyo, Japan).
Results

Control Insects.
A full description of the Dendroctonus midgut is given in Silva-Olivares et al. (2003) . However, for comparative purposes, we describe particular aspects of the D. valens midgut to standardize and contrast the ultrastructural changes induced by ␣-pinene and myrcene. Unless otherwise speciÞed, the following description applies to the midgut of both sexes of this species.
The monoterpenes quantity in the midgut and cuticle of insects is given in Table 1 . ␣-Pinene was the major compound found in the midgut increasing from 4 h to 16 h. Five other compounds, cis-and transverbenol, myrtenal, myrtenol, and verbenone, were recorded, but only the trans-verbenol showed a signiÞcant concentration at 8 h. The rest of the compounds were recorded only at trace levels. The quantities of six chemicals in the cuticle were higher than that from midgut, except by the myrtenol and myrtenal, which also were recorded at trace levels. The myrcene was detected at 8 h in the midgut and cuticle of insects, and its concentration increased signiÞcantly toward 24 h. Despite this, the ipsdienol and ipsenol were not detected in the midgut and cuticle. Electron micrographs of untreated insects show that both midgut regions have a single epithelium of columnar cells on a basal lamina. Epithelial cells have a brush border in their apical zone, formed by microvilli that are shorter in the anterior region than in the posterior region. Vesicles and spongy granular cytoplasm are common in the apical zone of microvilli. The nucleus is large and ovoid-shaped and is located at the center of the cell or shifted to its basal region. Lysosomes, vacuoles, mitochondria, lipid droplets, and electron-dense granules occur in the perinuclear area of columnar cells (Figs. 1 and 2 ). The RER is abundant and has no well-deÞned arrangement; free ribosomes are numerous; although many others are attached to the RER membrane, the Golgi complex is not evident in the midgut of these insects, and electron-dense glycogens granules are abundant in the apical region of cells (Fig. 2) . The basal lamina is composed of three to Þve layers perpendicular to the cell membrane, an inner layer of circular muscles, and an outer layer of longitudinal muscles surrounding the cell membrane (Fig. 3) . Large numbers of regenerative cells form numerous cell nests, which are frequent throughout the midgut (Fig. 4) .
Insects Treated With ␣-Pinene and Myrcene. No ultrastructural changes were observed in midgut epithelial cells of insects treated with ␣-pinene at concentration of 0.1 mM. However, numerous changes occurred at concentrations of 0.2 and 0.5 mM. Similar effects were induced in both midgut regions. Lysosomes were present toward the apical region of epithelial cells. They seemed to encapsulate intracytoplasmic degraded material and occurred in greater numbers than in untreated insects. The nucleus seemed to have been displaced apically, but its envelope showed no structural disturbance (Fig. 5) . Numerous mitochondria were observed, mainly in the apical and basal regions of epithelial cells; their cristae remained intact but were very conspicuous (Fig. 6) . The RER was very abundant and was arranged in longitudinal bundles near the apical region of the cell. This organelle was observed in close relation to mitochondria (Fig. 6) . Secretory vesicles containing electron-dense granules were present in higher numbers than in untreated insects (Figs. 6 and 7) . The Golgi complex was prominent, and its cisterns were arranged as stacked blocks. It was mainly found near the nucleus and toward the apical zone of cells (Fig. 7) .
The concentration of the puriÞed fraction of the Glc-6-Pase antibody was 0.23 g/l. Staining of the gel with Coomassie produced a protein pattern lacking degradation (data not shown). The dilutions tested in the western blot were 1:200 primary antibody (Glc-6-Pase) and 1:2000 secondary antibody. These dilutions resulted in a single 60-kDa band of Glc-6-Pase, indicating that the enzyme was recognized by the primary antibody (data not shown). The polyclonal antibody labeling showed that the SER is located in the apical region of columnar cells (Figs. 8 and 9 ). The SER is organized into an apparently tubular structure without a well-deÞned arrangement (Fig. 9) .
The effects induced by myrcene on midgut epithelial cells were similar to those of ␣-pinene at all concentrations, although they were less severe. For example, smaller numbers of mitochondria were evident, and their cristae were less conspicuous; lysosomes were less abundant but showed greater size variation; and vesicles with electron-dense granules were scarce. Notably, both the SER and the Golgi complex displayed the same arrangement as seen with ␣-pinene treatments (Figs. 10 Ð12) .
Discussion
To Þnd and exploit subcortical resources in their host trees, bark beetles have developed complex adaptive strategies (Raffa 1991 , Raffa et al. 1993 . Like other herbivorous insect groups (Hayes et al. 2005 , Li et al. 2007 , they have evolved different mechanisms to deal with large quantities of potentially toxic compounds produced by host plants. During host colonization, pine bark beetles are in contact with high vapor concentrations or immersed in different monoterpenes dissolved in the liquid oleoresin at the tree entrance hole (Seybold et al. 2006) , and therefore they must avoid these compounds, regulate their absorption in gut cells, or quickly hydroxylation to more soluble or conjugated compounds (Smith 1963 (Smith , 1965 Byers et al. 1979; Byers 1981; Cook and Hain 1988; Werner 1995) .
The GC-MS showed that ultrastructural changes observed in the midgut of D. valens are basically produced by ␣-pinene and myrcene, whereas trace amount of other oxygenated monoterpenes also were found in this gut region (Table 1) . Although these last compounds may be more, less or equally toxic than ␣-pinene or myrcene, they are certainly more hydrophilic which makes simpliÞes their elimination. However, presence in the cuticle of monoterpenes and oxygenated monoterpenes suggests that some fraction of them could reach the midgut via the hemolymph. The GC-MS shows that incorporation rate of ␣-pinene compare with myrcene in the midgut is not similar, which suggest that myrcene perhaps by its chemical structure is incorporated gradually into insect tissues via the respiratory system or cuticle. This explains why we observed ultrastructural damage less severe in the D. valens midgut cells with this monoterpene. Longer times of exposure to myrcene may have a greater effect on the midgut cell.
Ultrastructural changes observed are indicative of high cell activity but not irreversible cellular damage or death. We did not observe in our study changes such as degeneration of brush-border microvilli, rupture of the nuclear membrane or the epithelium, dissolution of cytoskeleton structures, cell elongation, peritrophic membrane disintegration, disarray of both the endoplasmic reticulum and the Golgi complex, or loss of cellular integrity, which are common in cells undergoing degeneration or regeneration (Rost 2006 , Rost-Roszkowska 2008 ). On the contrary, the abundant presence RER, SER, Golgi complex, secretory vesicles, vacuoles, and lysosomes was indicative of active digestion process in the midgut, where synthesis and excretion processes of different molecules or material simultaneously occur. Anatomo-histological and ultrastructural studies in Scolytinae had concluded that these characteristics are enough to identify a functional and structural differentiation between midgut regions (Terra 1990 ).
This intense activity explains the SER overproduction in midgut cells of D. valens that were treated with ␣-pinene and myrcene compared with those of untreated bark beetles (Dṍaz et al. 1998 (Dṍaz et al. , 2000 (Dṍaz et al. , 2003 Silva-Olivares et al. 2003) , in which this organelle was not evident. The presence of abundant SER in treated insects conÞrms its role as an organelle from which vesicles emerge to transport proteins and lipids synthesized in the RER to the Golgi complex (Locke 2003) . Furthermore, our results agree with those anatomical, histological, and ultrastructural studies different insect groups (Ma and Ramaswamy 2003 , and references therein), which indicate that cells involved in secretory activity (e.g., pheromones production) have speciÞc structural characteristics, including the fact that mitochondria and the Golgi complex are organelles closely associated with the SER. Although it is not yet recognized the existence of different cells with speciÞc structural features in the bark beetle midgut (Dṍaz et al. 1998 (Dṍaz et al. , 2000 (Dṍaz et al. , 2003 Nardi et al. 2002; Silva-Olivares et al. 2003) , our results document the close association among these organelles in midgut epithelial cells when insects are exposed to monoterpenes. In these sense, a correlation between SER overexpression and high levels of the enzyme 3-hydroxy-3-methyl-glutaryl-CoA reductase, which is involved in the regulation of the pathway of isoprenoid pheromone production, has been documented in midgut cells of juvenile hormone III-treated males of Ips pini (Say) and Dendroctonus jeffreyi Hopkins (Nardi et al. 2002) .
Because D. valens apparently does not produce pheromones , Pureswaran et al. 2006 , the conspicuous presence of secretory vesicles transporting digestive material in the cytoplasm of midgut epithelial cells seems to be a consequence of the digestion-excretion processes by itself; however, the presence of these vesicles with "ßocculent" material in treated insects may be indicative of an ongoing detoxiÞcation process in the midgut. Of course, this does not preclude that the process also occurs in other organs or systems of bark beetles (e.g., fat body, Malpighian tubules). This Þnd-ing is in agreement with earlier reports for other Dendroctonus and Ips species that produce pheromones in which two types of vesicles were found: one type associated with digestion process and the other type with the transport of "ßocculent" material formed apparently by pheromone compounds (Dṍaz et al. 1998 (Dṍaz et al. , 2000 (Dṍaz et al. , 2003 Nardi et al. 2002; Silva-Olivares et al. 2003) .
The intense cell activity observed in D. valens midgut and concentration changes of ␣-pinene and myrcene in the time, suggesting that this activity can only take place through a balance between the processes of digestion, synthesis, and excretion, including here the monoterpenes transformation (detoxiÞca-tion). This balance is a crucial element in host colonization because detoxiÞcation rate determines bark beetles survival and, consequently, their access to reproduction. For example, Byers et al. (1979) documented that the percentage of male I. paraconfusus Lanier affected after 18 h of exposure to myrcene increased considerably when the concentration in the headspace of sealed glass bottles was Ϸ4 g/ml. Mortalities of 40 to 50% have been reported with ␣-pinene in this same species when the headspace concentration reached 18 g/ml (Byers 1981) . Mortality in the western pine beetle, Dendroctonus brevicomis LeConte, was 19.4% with ␣-pinene, 34.7% with myrcene, 48.6% with 3-carene, and 48.6% with limonene at concentrations of 7 g/ml for 7 d (Smith 1965) . Myrcene, limonene, and ␤-phellandrene, applied topically at a 20 g/ml concentration, were toxic to 60% of adults of the spruce beetle, Dendroctonus rufipennis (Kirby) (Werner 1995) . Finally, mortalities of 50 Ð 60% were found in D. valens with myrcene and ␣-pinene exposure at concentrations near 5 g/ml in the space at the top of sealed petri dishes after 24 h of exposure (G.Z., unpublished data).
Although these studies have shown that monoterpene vapors have fumigant effects on bark beetles at near-saturation doses in sealed containers, additional research is needed to understand the capacity of Scolytinae to overcome the monoterpene barrier of host plants under natural conditions. For example, in this study, we used ␣-pinene and myrcene at low concentrations between 0.1 and 0.5 mM, based on previous laboratory assays. Nevertheless, preliminary estimates of the vapor concentrations of both compounds in galleries constructed in P. hartwegii by colonizing D. valens insects range from 0.04 to 0.05 g/ml after 12 h (G.Z., unpublished data). Byers and Birgersson (1990) estimated that the myrcene vapor concentration in I. paraconfusus nuptial chambers in P. ponderosae Douglas was Ϸ0.0028 g/ml. These data suggest that it is highly probable that monoterpene concentrations in scolytine entrance holes differ from concentrations in galleries, even within the same tree. Many other studies on scolytines have reported that local differences in terpenoid levels affect successful colonization and feeding behavior (McClure and Hare, 1984, Byers 2004) . Furthermore, monoterpene concentration surely also depends on factors such as tree vigor, compound solubility and vapor pressure, temperature, and the anatomy of the resin canal system (Raffa et al. 1993 , Smith 2000 .
At the molecular level, it has been suggested that herbivorous insects overcome toxic compounds through different processes, including oxidation, reduction, hydrolysis, and the conjugation of glutathione, amino acids, and glucosides (Dauterman and Hodgson 1978) . These processes involve a wide suite of enzymes (e.g., esterases, cytochrome P450, and glutathione transferases), which convert these compounds into more polar or conjugated compounds. Monoterpenes are highly lipophilic compounds that must be transformed before to be excreted. Some evidence suggests that cytochrome P450 enzymes in bark beetles may be directly involved in the reactions by which some monoterpenes are metabolized (White et al. 1979, Sturgeon and Robertson 1985) . For example, 13 cytochrome P450 genes (12 from the CYP4 and one from CYP9 families) were induced in I. paraconfusus insects feeding on host tree phloem (Huber et al. 2007) . Particularly, in the midgut region of D. valens and Dendroctonus rhizophagus Thomas & Bright 10 cytochrome P450 genes (Þve CYP4, four CYP6, and one CYP9) were overexpressed after specimens were treated separately for 24 h with (ϩ)-␣-pinene, (Ϫ)-␤-pinene and (ϩ)-3-carene (research in progress). However, in vitro assays have shown that the cytochrome P450 enzyme encoded by the CYP9T2 gene in male I. pini hydroxylate myrcene into ipsdienol, a component of the aggregation pheromone (4R)-(Ϫ)-ipsdienol of this species, in the anterior midgut (Sandstrom et al. 2006 (Sandstrom et al. , 2008 .
Thus, because many scolytines use various host toxic compounds (e.g., ␣-pinene and myrcene) as kairomones and some of their derivatives (e.g., cis-and trans-verbenol and ipsdienol) as pheromones (Borden 1985; Byers 1995 Byers , 2004 , they must Þrst have a high tolerance to these toxic compounds and an efÞcient detoxiÞcation system. Therefore, the conversion of toxic monoterpenes (e.g., ␣-pinene) to more soluble compounds by midgut epithelial cells of D. valens seems to have a direct adaptive beneÞt in terms of reproductive success and host colonization in this species.
